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Abstract 
Interest in head impacts in sport has driven the development of technology for the purpose of impact measurement. Wireless, 
small form factor impacts sensors have been designed for use in both helmeted and non-helmeted sports. Performance of a 
wireless head impact sensor was assessed under laboratory conditions using a Hybrid III headform and neck. The Hybrid III 
assembly was mounted on a low friction sled and impacted with three sports balls at two locations, and from three directions. The 
ball was projected with a pneumatic cannon at speeds ranging from 10 to 31m/s. The wireless sensor was mounted on the exterior 
of the headform in the same location and orientation that would be used during play. Wireless sensor estimates of linear and 
angular acceleration at the headform center of mass were compared to measures obtained from linear accelerometers and angular 
rate sensors mounted at the headform center of mass. As ball stiffness increased the relative power of frequency components in 
the acceleration signal above the wireless sensor Nyquist frequency increased, the contact duration decreased and accuracy of the 
wireless sensor decreased.   
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University. 
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1. Introduction 
Wireless head impact sensors have been developed in response to increased interest in head impact in sport. One 
wireless sensor system, the Head Impact Telemetry System (HITS), has been used extensively to collect head 
impact data from American football at several levels of play [1–3], as well as other helmeted sports[4]. HITS 
employs an array of sensors designed to be mounted inside a helmet. Data collected with HITS has been used to 
characterize the frequency and magnitude of head impacts during play. This information has been used to describe 
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risk of concussion as a function of impact magnitudes[5,6]. Another application of this data has been to evaluate the 
relative risk presented by full contact practice sessions and the influence of player position on head impact exposure 
[3,4]. 
Recently, small form factor sensors have been produced for use in both helmeted and un-helmeted sport. These 
small form factor sensors have been designed to be fixed to the head through a variety of means, including adhesive 
strips, headbands, and embedding the sensors in mouth guards[7–9]. While the accuracy of HITS has been examined 
by several investigators, detailed information regarding the performance of other wireless head impact sensors is not 
available [10,11].  
One benefit of sensors that do not require a helmet is the opportunity to collect data during participation in un-
helmeted sport. Many sports do not incorporate helmets or head gear, and these activities are poorly characterized in 
comparison to helmeted sports. It is not clear, however, if current head impact sensor designs for helmeted sports are 
adequate for use in un-helmeted sports. For example, the sampling frequency of the sensor must be at least twice the 
highest frequency contributing to the signal of interest [12,13]. Un-helmeted impacts likely possess higher frequency 
components than helmeted impacts, but the frequency content, and therefore the appropriate sampling frequency, is 
unknown. 
This work considers the performance of a small form factor 6DOF head impact sensor designed for use in both 
helmeted and un-helmeted sport. The hardware specifications of this sensor are representative of most sensors in its 
form factor. Impacts involving a variety of sports balls projected over a range of speeds were created in the 
laboratory to assess the wireless sensor performance over a variety of impact conditions. Results of this evaluation 
have implications for both the design and use of head impact sensors in sport. 
2. Methods 
2.1. Data Collection 
Performance of the wireless sensor (xPatch; X2 Biosystems, Seattle, Washington USA) was assessed under 
laboratory conditions using a Hybrid III headform and neck (Fig. 1). Linear and angular accelerations at the 
headform center of mass were measured using an array of wired linear accelerometers and angular rate sensors 
(Meggitt Sensing Systems, Irvine, California USA; Diversified Technical Systems, Seal Beach, California USA). 
Data from this sensor array were collected at 50kHz and used as the reference for the evaluation of the wireless 
sensor.   
The wireless sensor was mounted to the headform in the approximate location of the mastoid process, the same 
location and orientation that would be used during play, using an adhesive strip provided by the sensor manufacturer 
(Fig. 1). The device sampled the linear accelerometer at 1kHz, and the angular rate sensor at approximately 800Hz. 
The instrumented headform was mounted on a low friction sled and impacted with sports balls projected by a 
pneumatic cannon.  
 
 
 
(A)  (B)  
Figure 1. (A) Wireless impact sensor prior to mounting, and (B) the wireless impact sensor 
mounted on the Hybrid III headform and neck assembly. 
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The un-helmeted headform was impacted with three different sports balls: a softball, lacrosse ball and soccer ball. 
Each ball was projected at three different speeds (Table 1). Except for softball, the ball speeds were representative of 
play. In fastpitch softball, the ball can reach speeds of 34m/s. To avoid damage to the headform, softball speed was 
limited to 20m/s. Each ball type was projected at the headform in the sagittal plane (0°) and with the headform 
rotated 45° and 90° in the horizontal plane (Fig. 2). Two locations, the forehead and chin, were targeted in all cases 
where the softball and lacrosse ball were used. Due to the large size of the soccer ball only the forehead impact 
location was targeted on the headform.  
2.2. Data Analysis 
Measures of linear acceleration and angular rate from the wired sensors at the headform center of mass were 
filtered using a fourth order Butterworth filter with a cutoff frequency of 1kHz for linear acceleration data, and 
300Hz for angular rate. A simple forward difference was used to calculate angular accelerations from the filtered 
angular rate signals. Peak linear acceleration (PLA) and peak angular acceleration (PRA) at the headform center of 
mass was determined from the resultant linear and angular accelerations. Performance of the wireless sensor was 
evaluated by plotting its estimates of PLA and PRA at the headform center of mass against measures of the wired 
sensors.  
The influence of sampling frequency between the wireless and wired sensors was assessed by computing the 
signal power of the reference signal above and below and the Nyquist frequency associated with the wireless sensor 
sampling rate. Therefore, low frequency was defined as 0 to 500Hz for linear acceleration and 0 to 400Hz for 
angular acceleration. For both linear and angular acceleration, frequencies between the Nyquist frequency and 1kHz 
were considered high frequency. The ratio of signal power (PR) over low and high frequencies was plotted against 
the absolute difference. 
Table 1. Velocities, impact locations and horizontal plane headform orientations for each ball type used to impact the headform and 
neck. 
Ball Type Low Speed 
(m/s) 
Mid Speed 
(m/s) 
High Speed 
(m/s) 
Impact 
Locations 
Number of Impacts per 
Location/Speed 
 
Softball 10 15 20 Chin, Forehead 8 
 
Lacrosse 
Ball 
 27 31 Chin, Forehead 3  
Soccer Ball 13 18 27 Forehead 6  
 
                      (A)                         (B)                          (C) 
Figure 2. Forehead (1) and chin (2) impact locations for (A) 
0°, (B) 45° and (C) 90° headform orientations (ball direction 
is normal to the page). 
178   Derek Nevins et al. /  Procedia Engineering  112 ( 2015 )  175 – 179 
0 2000 4000 6000 8000
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
Soccer
Wired Angular Acc. (rad/s2)
W
ir
el
es
s 
A
n
g
u
la
r 
A
cc
. (
ra
d
/s
2 )
0 2000 4000 6000 8000 10000 12000 14000
0
2000
4000
6000
8000
10000
12000
14000
Lacrosse
Wired Angular Acc. (rad/s2)
W
ir
el
es
s 
A
n
g
u
la
r 
A
cc
. (
ra
d
/s
2 )
0 2000 4000 6000 8000 10000
0
2000
4000
6000
8000
10000
Softball
Wired Angular Acc. (rad/s2)
W
ir
el
es
s 
A
n
g
u
la
r 
A
cc
. (
ra
d
/s
2 )
Figure 4. Wireless sensor estimates of peak resultant angular acceleration at the headform center of mass plotted against measures of the 
same by the reference system. Blue diamonds, green circles and red squares denote 0°, 45° and 90° headform orientations. A solid line is 
plotted along equality and dashed lines indicate ±25%. 
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Figure 3. Wireless sensor estimates of peak resultant angular acceleration at the headform center of mass plotted against measures of the 
same by the reference system for impacts involving a soccer ball, lacross ball and  softball. Blue diamonds, green circles and red squares 
denote 0°, 45° and 90° headform orientations. A solid line is plotted along equality and dashed lines indicate ±25%. 
3. Results 
Estimates of PLA at the headform center of mass by the wireless sensor showed generally good agreement with 
the wired sensors, with the exception of two data points that diverged from the trend, for impacts involving the 
soccer ball. Slightly less agreement was observed for impacts in the 0° orientation with the lacrosse ball, and the 
poorest agreement for softball impacts (Fig. 3). No other trends were observed across impact locations, directions or 
speeds.  
Comparison of PRA measures between the wireless and the wired sensors showed the greatest agreement for 
soccer ball impacts, less agreement for lacrosse and the least agreement for softball impacts (Fig. 4). In all three 
cases the wireless sensor underestimated PRA by more than 25% on average.  
Impacts with the softball were found to have the largest signal power ratio (PR), followed by impacts with the 
lacrosse ball and soccer ball. Plotting PR against the absolute percent difference between the wireless and wired 
sensors indicated that the larger differences were associated with a higher PR value (Fig. 5).  
  
4. Discussion 
This investigation evaluated a wireless, wearable head impact sensor as a tool for characterizing head impacts in 
un-helmeted sport. Measures of peak linear and peak angular acceleration by the wireless sensor displayed good 
agreement for impacts with soccer and lacrosse balls. Agreement was much lower for impacts with the softball, 
which is has a higher stiffness than either the soccer or lacrosse ball.  
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        PLA                   PRA  
Figure 5. Absolute difference between the wireless sensor and reference measures of PLA and PRA plotted against the signal power ratio. Data 
from softball, lacrosse ball and soccer ball impacts are indicated by green diamonds, blue circles and red squares, respectively. The horizontal 
line indicates 25% difference. 
 
One implication of these observations is that the observed differences between the wireless sensor and reference 
system outputs may be due to differences in sampling rate. Analysis of the reference signal found that larger 
magnitude differences are more likely as the relative content of impact signal above the wireless sensor Nyquist 
frequency increases, supporting this interpretation.  
This work suggests that the selection of an appropriate sampling frequency is important for obtaining accurate 
measures of head impact magnitudes. For un-helmeted impacts, which likely contain larger high frequency 
components than helmeted impacts, further work is required to determine an appropriate sampling frequency for 
head impact sensors. This is important to consider as interest in characterizing head impact exposure in un-helmeted 
sports like soccer, softball and women’s lacrosse continues to grow. 
Soft-tissue motion artifact presents a challenge for the determination of an appropriate sampling frequency in un-
helmeted sport. Compliance of the hair, skin, jaw and other components of the head at or around the fixation site 
may substantially influence the frequency response of the head to impact and the sampling frequency necessary 
characterize those impacts. The differences between the wireless and wired sensors may be due to the compliant 
interface between the sensor and the head form, or proprietary algorithms which may attempt to correct for it. Future 
testing, either on the field or in the laboratory, may need to address soft-tissue motion and the related signal analysis 
methods.  
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